The current study compared tunnel diameter as an independent risk factor for fixation failure from the coracoid after transcoracoid coracoclavicular reconstruction. The effect of variation in coracoid size and scapular bone density on fixation failure was also studied. Sixty-two cadaveric scapulae were randomized into 1 of 4 groups: a control group with no coracoid hole, a group with a 4-mm transcoracoid tunnel, a group with a 6-mm transcoracoid tunnel, and a group with a socket technique using a 6-mm hole superiorly with a 4-mm hole inferiorly. Bone density measures for all specimens were performed. Coracoid dimensions were quantified. Using a cortical button device, all specimens were loaded to failure with an Instron servohydraulic testing machine (Instron Corp, Canton, Massachusetts). All drilled specimens failed by button pullout, and all control specimens failed by coracoid fracture. Average pullout strength for each tunnel subgroup was as follows: 4 mm, 296.9 N; 6 mm, 146.2 N; 6-4 socket, 261.8 N; control, 762.9 N. No difference was found with respect to tunnel subgroups in base height (P=.25) or bone density (P=.44). Load to failure for the control group was significantly higher than for the other 3 techniques. The 4-mm tunnel load to failure was significantly higher than that for the 6-mm tunnel (P=.006). No difference was found between the 4-mm tunnel and the 6-4 socket technique (P=.853). Although it was not statistically significant, a very strong trend was seen toward increased strength of the 6-4 socket over the 6-mm tunnel (P=.051). The study results show that when employing a transcoracoid reconstruction technique, a 4-mm tunnel technique is significantly stronger than a 6-mm tunnel technique. None of the coracoids drilled with the various tunnels approached the strength of the native coracoid controls using a looped wire technique.
I
njury to the acromioclavicular joint is common in the athletic population, representing as many as 50% of shoulder injuries in some sports. 1, 2 Overall, 9% of all shoulder injuries are associated with acromioclavicular joint damage. 3 Some high-grade acromioclavicular joint injuries require operative intervention.
Currently, more than 80 described techniques are used to reconstruct the acromioclavicular joint. 4 Several variations use a transcoracoid tunnel for either graft placement or suture fixation. These variations are attractive when using arthroscopically assisted reconstruction because it can be difficult to pass the soft tissue graft under the coracoid in this setting. Other complications can be expected as newer techniques using transcoracoid tunnels gain popularity with treating surgeons.
The primary goal of this study was to compare coracoid tunnel diameter as an independent risk factor for coracoid fixation failure after coracoclavicular ligament reconstruction. Secondary outcomes assessed variation in coracoid anatomic size and bone density. The authors hypothesized that tunnel diameter would be an independent risk factor for device failure, independent of coracoid size or bone density.
Materials and Methods
Sixty-two cadaveric scapulae were obtained, and soft tissue was removed from the coracoid process. There were 30 right and 32 left scapulae; 25 specimens were male (average age, 66.1 years; range, 34-92 years) and 37 were female (average age, 59.4 years; range, 29-98 years). Each coracoid was measured in several planes with digital calipers: coracoid height and width at the base, coracoid height and width at the precipice, coracoid height and width at the tip, total coracoid length, and coracoid tip-to-precipice length. Bone mineral density of the coracoid process was obtained from all scapulae with dualenergy x-ray absorptiometry scan.
Each scapula was then randomized into 1 of 4 groups: a control group with no coracoid hole, a group with a 4-mm transcoracoid tunnel, a group with a 6-mm transcoracoid tunnel, and a group with a socket technique using a 6-mm unicortical drill hole superiorly with a 4-mm drill hole through the inferior coracoid cortex. 
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Drill holes were centered within the native coracoid at the coracoid base and were created superiorly to inferiorly. Using a Biomet ToggleLoc (Biomet, Warsaw, Indiana) cortical button device attached to a fixed No. 5 suture, all specimens were loaded at 3 mm/s to failure by pulling from inferior to superior on the button using an Instron servohydraulic testing machine (Instron Corp, Canton, Massachusetts). Each scapula was stabilized by a custom-made jig during loading (Figure) . Control specimens were tested differently because there was no drill hole available to load the coracoid. Instead, a 1/8-inch-diameter metallic cable was looped under the coracoid and loaded superiorly in the same manner as the transcoracoid specimens using the Instron device. Load to failure and type of failure (fracture, suture breakage, button breakage, or device pullout) were recorded.
Statistical analysis was performed with JMP 9.0 (SAS Institute, Inc, Cary, North Carolina) using analysis of variance and Tukey's honestly significant difference test to determine which subgroups were significantly different. P<.05 was considered statistically significant.
results
Average coracoid dimensions are shown in Table 1 . No significant differences were found in coracoid base height between groups (P=.25). Average scapular bone density is shown in Table 2 . No significant differences were found between groups (P=.44). All transcoracoid specimens failed via device pullout, not by direct coracoid fracture. All control specimens failed via coracoid fracture. Average load to failure for each group is shown in Table 3 . Overall, the control specimens were stronger than all of the other groups. This difference was highly statistically significant, with P<.001 for all comparisons. A higher load to failure was seen in the 4-mm group vs the 6-mm group (P=.006), whereas no difference was found between the 6-4-mm socket group and the 4-mm group (P=.853). Although it was not statistically significant, there was a strong trend toward higher load to failure in the 6-4-mm socket group compared with the 6-mm tunnel group (P=.051).
discussion
The study results regarding coracoid anatomic dimensions compare well with those previously reported by Salzmann et al. 5 Their measures were as follows: total length, 43 mm; tip-to-precipice length, 20 mm; tip height, 8 mm; tip width, 14 mm; precipice width, 14 mm; base height, 15 mm, and base width, 14 mm. Rios et al 6 found an average coracoid length of 45 mm and average coracoid height and width of 12 mm and 25 mm, respectively.
Few studies have addressed the risk of coracoid-sided failure after transcoracoid drilling. 4, 7, 8 This may be because of the rarity of this injury or the relatively short time that transcoracoid fixation has been in use. There have been reports of clavicle fracture after acromioclavicular reconstruction 9 as well as previous reports of coracoid fracture after acromioclavicular reconstruction that did not use a transcoracoid technique. [10] [11] [12] More recently, as use of the arthroscopic transcoracoid technique has increased, several reports of associated coracoid fracture have emerged. [13] [14] [15] Both Gerhardt et al 13 and Bindra et al 14 reported isolated fractures after the use of different types of coracoid buttons. More worrisome is a report by Milewski et al 15 that retrospectively reviewed a case series of different anatomic reconstruction techniques. Ten patients in their study used a transcoracoid button technique, with an 80% complication rate: 2 patients with coracoid fractures, 5 patients with more than 5 mm of postoperative acromioclavicular joint displacement, and 1 patient with intraoperative failure of the coracoid button. The same authors reported a 35% complication rate in 17 patients using a graft looped around the coracoid base. None of these cases in- volved failure of the coracoid side of the reconstruction. 15 Of the previously published studies on the risk of coracoid-sided failure, 3 addressed biomechanical failure with a transcoracoid technique. 4, 7, 8 Several important conclusions can be drawn from the study of Walz et al. 4 First, native coracoclavicular ligaments can sustain 598 N of force when loaded statically in a vertical manner. Failure occurred via midsubstance rupture in 70% of cases and by coracoid insertional pullout in 30% of cases. Second, when using the technique of Walz et al, 4 an average of 982 N of static force was required to cause failure during vertical loading. Failure occurred via suture breakage 60% of the time. The rest of the failures occurred via coracoid or clavicular bony pullout (with the exception of 1 coracoid fracture). These findings differ from the results of the current study in which no failures occurred by suture rupture or gross coracoid fracture (with the exception of control specimens). Bony pullout from the coracoid accounted for all of the transcoracoid failures in the current study. Importantly, Walz et al 4 used a 2-bundle tunnel technique to better simulate native anatomy. However, there can be great difficulty in placing both tunnels in the relatively small coracoid at the time of surgery. Because of worry over increased risk of fracture and tunnel convergence, the authors used 1 transcoracoid tunnel during surgery. As a result, the current study used a single-tunnel technique. Further differences included loading in both vertical and anterior directions as well as dynamic assessment of failure in addition to static measurements.
Kummer et al 8 found that in a Sawbones model (Pacific Research Laboratories, Inc, Vashon, Washington), 6-mm holes weakened the coracoid more than 4-mm holes (35% vs 13%, respectively). Kummer et al 8 also showed that in a cadaver model, 6-mm holes drilled at the true coracoid base were approximately 60% stronger (P<.01) than 6-mm holes drilled lateral to the coracoclavicular ligaments. Ferreira et al 7 studied the effect of entry and exit points of the coracoid tunnel on the risk of failure in a model similar to that used in the current study. They found an ultimate load to failure in control groups of 724 N. Center-center tunnel placement and medial-center tunnel placement groups showed the highest load to failure. In these groups, failure occurred via bony pull-through or button breakage. This method of failure mirrors the current study experience with a center tunnel position, regardless of drill hole size. In contrast, center-medial, center-lateral, and lateral-center tunnels all failed at lower loads. In most cases, the mode of failure in these groups was fracture.
The results of the current study add several contributions to the current literature. First, the current study findings of coracoid dimension help to verify and validate those published previously. In addition, because all of the drilled specimens in the current study failed via button pullout and all of the specimens were drilled in the center-center position at the coracoid base, the findings help to corroborate the mode of failure reported by Ferreira et al 7 when using a center-center position (regardless of whether a 4-mm tunnel, 6-mm tunnel, or 6-4-mm socket technique is used). In these cases, surgeons should expect failure via device pullout, which may be easier to salvage than cases of true coracoid fracture, as seen in errant tunnel positions. Finally, surgeons should expect a difference in coracoid-sided failure, based on differing usage of 4-mm tunnel, 6-mm tunnel, and 6-4-mm socket techniques. Therefore, when using a transcoracoid technique, surgeons should not only consider tunnel position but also try to minimize tunnel size to maximize the biomechanical strength of the reconstruction.
The control group, which simulates the gold standard of graft looped under the coracoid, showed a much stronger load to failure than any transcoracoid technique. This result mirrors the findings of Ferreira et al. 7 To minimize the risk of coracoid-sided failure, a looped graft is still the best choice. Whether this biomechanical difference translates into a clinical difference needs further study. Further, the increased strength achieved must be weighed against other advantages of a transcoracoid technique, such as the ability to create a hybrid construct with the graft strands looped under the coracoid while using a transcoracoid button to augment the looped graft.
One of the limitations of the current study is an inability to state how much force a reconstruction needs to withstand to hold the acromioclavicular joint in a reduced position. It is known how much force is required to rupture the native coracoclavicular ligaments, but not how much force is needed to keep the reconstructed acromioclavicular joint reduced. As such, the authors cannot state whether the results of the current study will have clinical significance. Further limitations include assessment of load vertically only as well as loading the coracoid in a quasi-static manner, not dynamically, as would occur during the normal postoperative recovery period. Another limitation is the inability to load control subjects in the same manner as transcoracoid reconstructions. However, the authors believe that it was useful to load the control specimens in this manner because it most readily simulates the alternative method of graft fixation to the transcoracoid technique, a graft looped under the coracoid process.
conclusion
The study results indicate that when employing a transcoracoid reconstruction technique, a 4-mm tunnel is significantly stronger than a 6-mm tunnel. None of the coracoids drilled with the various tunnels approached the strength of the native coracoid controls using a looped wire technique.
